Introduction
Impaired myocardial relaxation assessed with Doppler echocardiography in the aftermath of acute myocardial infarction (MI) is an important predictor of major adverse events. 1 -5 Recently, the measurement of the regional diastolic strain rate has been proposed as a novel marker of elevated LV filling pressure. 6 -8 The advantage of this marker is potentially that the regional early velocity of diastolic deformation (strain rate) more accurately reflects the diastolic performance of all myocardial segments. Furthermore, the ratio of early mitral inflow velocity to early diastolic strain rate of all the myocardial segments (E/e ′ sr) can be obtained with two-dimensional speckle tracking avoiding the limitations and angle dependency of tissue Doppler imaging. The early active relaxation, the rate of recoil and the effective chamber compliance may be affected by myocardial ischaemia and infarction through different mechanisms. Active relaxation being an energy-dependent process is affected immediately with the onset of myocyte ischaemia similarly to systolic contractile function. Impaired myocyte contraction reduces the elastic energy stored in titin proteins, leading to reduced early diastolic untwisting and ventricular suction. Chamber compliance is also negatively affected in MI through peri-infarct interstitial oedema and in the later phase fibrotic changes in the myocardium. 9 While the extent of the infarcted myocardium in itself will be related to the magnitude of diastolic impairment, pre-existing co-morbid conditions, such as hypertension and diabetes, may adversely affect myocardial relaxation through compensatory myocardial hypertrophy and triglyceride deposition. 10, 11 All of these factors would be anticipated to affect E/e ′ sr which may be a sensitive marker of LV diastolic function post-MI.
To the best of our knowledge, no large-scale studies have examined the prognostic importance of E/e ′ sr in addition to existing echocardiographic indices of diastolic dysfunction in patients with MI. Accordingly, in this study we hypothesized that in patients with MI E/e ′ sr would be independently related to an adverse outcome when existing conventional measures of diastolic function are known.
Methods

Study design and patient population
We conducted a prospective study of patients referred for invasive coronary angiography (CAG) due to either STEMI or non-STEMI at two tertiary cardiac centres in the Copenhagen region. All the patients provided written informed consent prior to transthoracic echocardiographic examination. 12 Exclusion criteria were age ,18 years, non-cardiac disease with a life expectancy ,1 year, or inability to provide written informed consent. Furthermore, echocardiograms obtained in patients with atrial fibrillation (AF), paced rhythm, severe aortic stenosis, or severe mitral regurgitation (MR) were excluded from the analyses. On the basis of hospital records, admission information on diabetes mellitus, hypertension, a history of ischaemic heart disease, and prior MI was registered. Findings in relation to CAG including culprit lesion, three-vessel disease (3VD), left main involvement (LM), and type of revascularization [percutaneous coronary intervention (PCI), coronary artery bypass grafting (CABG), or no intervention] were registered. Objective signs of heart failure (HF) at presentation or during hospitalization were scored according to the Killip classification scheme class I -IV, 13 and episodes of AF recorded. Additional biochemical work-up included creatinine and peak troponin during the hospital stay. Estimated glomerular filtration rate (eGFR) was measured from the four-variable MDRD formula.
14 Information on a left or right bundle branch block (LBBB and RBBB) was obtained from 12-lead electrocardiograms at discharge. The study was approved by the Regional Scientific Ethics Committee (reference number H-D-2009-063).
Echocardiography
Echocardiography was performed within 48 h of admission to the tertiary centre. Patient presenting with STEMI were examined after acute CAG and patients with NSTEMI were examined on admission at our institution prior to CAG. Echocardiographic cine loops were obtained by recording three consecutive heart cycles. All examinations were performed on a Vivid e9 (General Electric, Horten, Norway). Images were obtained at a frame rate of 60 -90 fps and digitally transferred to a remote workstation for offline analysis (Echopac BT 11.1.0, General Electric, Horten, Norway). All the analyses were performed by a single experienced operator (M.E.) blinded to clinical characteristics and outcome.
Two-dimensional parasternal images were used to determine LV dimensions and wall thickness. The left atrial maximum volume index (LA max) was determined from the biplane area length method, and left ventricular ejection fraction (LVEF) was determined using the biplane Simpson model. The LV mass was calculated from the LV linear dimensions in the parasternal view. Volumetric and dimensional measurements of the LV and left atrium were indexed to the body surface area when appropriate. All volumetric analyses were performed in accordance with EAE/ASE recommendations. 15 Doppler recordings of mitral inflow were performed by placing a 2.5 mm sample volume at the tip of the mitral valve (MV) leaflets during diastole. Peak velocity of early (E) and atrial (A) diastolic filling and MV deceleration time (DT) were measured, and the E/A-ratio calculated. Pulsed wave TDI recordings were performed at the lateral and medial mitral annulus using a 2.5-mm sample volume with the measurements of myocardial peak early (e ′ ). The mean E/e ′ ratio was calculated from an average of lateral and medial values of e ′ . Mitral regurgitation was quantified by calculating the effective regurgitant orifice (ERO) using the proximal isovelocity surface area method. An ERO ,0.20 cm 2 was considered mild, 0.20 -0.40 cm 2 moderate, and .0.40 cm 2 severe MR.
Speckle-tracking deformation analysis
Two-dimensional speckle tracking was performed in the three apical views by first manually tracing the endocardium at the onset of systole after which the software tracked the myocardial speckle pattern frame-by-frame. The region of interest was adjusted to cover the thickness of the myocardium and adequate tracking was verified and corrected if necessary. The aortic valve closure was identified on continuous wave Doppler recording through the aortic valve. The LV was subsequently divided by the software into 17 segments covering the entire myocardium. Global longitudinal strain (GLS) was calculated for each of the three apical projections and overall GLS as the average value of all three projections. Global systolic strain rate (SRs) and global early diastolic SR were calculated from the average of all 17 segments. The E/e ′ sr ratio was calculated as the E velocity (m/s) divided by the global e ′ sr value (s
21
) ( Figure 1 ).
Follow-up and endpoint definition
The primary outcome was a composite of death from any cause, hospitalization for HF, new onset AF, or stroke whichever came first and which have all been linked to LV dysfunction after MI. 3, 4, 16, 17 Information on all-cause mortality was obtained from the Danish Civil Registration System. Secondary endpoints were death from any cause, hospitalization for HF, new onset AF, and stroke. Information on HF hospitalizations, new onset AF, and stroke was obtained from a systematic review of all hospital admissions after the index MI. Hospitalization from HF was defined as admission due to dyspnoea with chest radiographic evidence of pulmonary congestion and treatment with i.v. diuretics. New onset AF was defined as first-time admission to hospital due to AF without prior knowledge of AF. Stroke was defined as hospitalization with a neurological deficit of cerebrovascular cause that persisted beyond 24 h. 18 Verification of endpoints was performed by two independent reviewers blinded to echocardiographic information relating to the index MI, and in case of disagreement a third reviewer would classify the outcome.
Statistical analysis
All data are reported as mean + SD or median (first-and third-quartile, Q1 -Q3). Baseline clinical and echocardiographic data were analysed according to E/e ′ sr quartiles by the Cochran-Armitage trend test for
Early diastolic strain rate in relation to systolic and diastolic function categorical variables and ANOVA for continuous variables, with all tests being two-sided, and statistical significance was defined as P , 0.05. The linear relationship between echocardiographic measures was tested with correlation analysis using Pearson correlation coefficient. Missing values were imputed using multiple imputations five times with predictive mean matching for the continuous covariates with the assumption of data being missing at random (R package mice). Statistical analyses were performed on all of the imputed data sets and results pooled using the method described by Rubin. 19 All the analyses were verified with complete case analyses without imputations utilizing only the observations with complete data for all covariates. 20 The optimal cut-off value of E/e ′ sr was found by maximizing the partial likelihood in a univariable Cox model with the hazard ratio (HR) given with 95% confidence interval (CI). The Kaplan-Meier estimate of eventfree survival was then calculated and plotted according to this cut-off. Multivariable Cox proportional hazards regression analyses were performed to analyse the independent and incremental value of E/e ′ sr in the following manner: First, a model was fitted with clinical information including age, diabetes, hypertension, Killip class . 1, bundle branch block, LAD involvement, 3VD and/or LM involvement, CABG treatment, and eGFR; secondly, we added to this model LVEF, LA max, E/e ′ , MV DT ,140 ms, GLS, SRs, and MR grade II, and finally, E/e ′ sr was added. Direct comparison between E/e ′ and E/e ′ sr was performed in both univariable and multivariable models. Incremental model performance was assessed by change in the Wald x 2 value. No violations of proportionality or linearity were found in the overall model when analysing the Martingale-and Schoenfeld residuals. The relative importance of diastolic function indices was assessed in a model with quartiles of E/e ′ sr and clinically validated cut-off values of E/e ′ , LA max, and MV DT. The relationship between E/e ′ sr and the secondary endpoints was analysed in separate uni-and multivariable Cox models with backwards elimination to final parsimonious models due to the low number of individual events. Inter-and intra-observer reproducibility was assessed in 20 randomly selected patients with the calculation of the mean difference and 95% limits of agreement (+1.96 SD). The 20 patients originated from both centres and for inter-observer studies were analysed independently by a reader from both centres. All analyses were performed using R version 2. 
Results
Baseline characteristics
A total of 1110 patients with MI were prospectively included, 56 patients were excluded due to AF (n ¼ 40), ventricular paced rhythm (n ¼ 8), severe aortic stenosis (n ¼ 8), and severe MR (n ¼ 6). Out of the 1048 patients remaining (mean age 63 years, 73% male), missing values were encountered for E/e ′ sr [n ¼ 58
, and MV DT [n ¼ 10 (1%)] for a total of 62 (5.9%) patients with one or more missing values. The reasons for the missing data were poor image quality (n ¼ 50), missing spectral Doppler from the MV inflow (n ¼ 10), and poor ECG traces precluding strain calculations (n ¼ 2). The missing values were imputed and all subsequent analyses were pooled estimates on the imputed data sets.
The baseline clinical characteristics of the patients are given according to quartiles of E/e ′ sr ( Table 1) . Elevated E/e ′ sr was associated with older age and an increasing prevalence of hypertension, previous MI, diabetes, and reduced renal function. Increasing E/e ′ sr was associated with a higher prevalence of multivessel disease, lower prevalence of primary PCI, and higher likelihood of subsequent revascularization by CABG. However, there was no difference in the proportion of medically managed patients without mechanical revascularization. Intra-and inter-observer mean difference and 95% limits of agreement for E/e ′ sr were 20.07 + 0.19 and 0.04 + 0.25, respectively. The median value of E/e ′ sr was 0.91 (Q1-Q3, 0.73-1.19), and elevated E/e ′ sr was significantly associated with increasing LV dilatation, reduced LVEF, and increased LVMi. Furthermore, E/e ′ sr was associated with worsening diastolic function, reduced RV function, Figure 1 Representative example of the measurement of early diastolic strain rate from two-dimensional speckle tracking (MVO, mitral valve opening).
increasing prevalence of MR grade II, and both GLS and systolic SR ( Table 2 ). There was a significant correlation between E/e ′ sr and E/ e ′ (r ¼ 0.74, P , 0.0001), LA max (r ¼ 0.26, P , 0.0001), MV DT (r ¼ 20.13, P , 0.0001), and LVEF (r ¼ 20.46, P , 0.0001).
Relationship between E/e ′ sr and outcome [8] [9] [10] [11] [12] [13] [14] [15] . Adding E/e ′ sr measurements to this group and stratifying according to the cut-off of 1.25 resulted in a significant separation of the event-free survival curves (P , 0.0001) ( Figure 5 ).
Discussion
In the so far largest prospective study of 1054 patients with MI undergoing comprehensive diastolic evaluation, we demonstrated that (i) E/e ′ sr was independently associated with the composite endpoint when adjusting for both diastolic dysfunction indices and systolic deformation-based measures; (ii) E/e ′ sr outperformed conventional velocity-based E/e ′ both in univariable and multivariable models.
Taken together, these findings suggest that deformation-based E/ e ′ sr contributes important information about global myocardial relaxation properties superior to velocity-based analysis, and independently of indices of chronically elevated filling pressure and restrictive filling pattern in patients with MI.
Prognostic value of E/e ′ sr compared with E/e ′ Annular myocardial velocities assessed by TDI may not fully capture early regional or global myocardial relaxation due to several factors. These include well-known limitations of Doppler-based methods such as the angle dependency with the potential for significant errors with angulations .208. Regional wall motion abnormalities in the sampling region may lead to low annular velocities on tissue Doppler despite overall near normal LV relaxation. Furthermore, early diastolic relaxation is an active energy-dependent process that is rapidly initiated in the basal segments of the LV and propagates towards the apex. This base to the apex gradient of SR creates a wave of relaxation that, together with untwisting and myocardial thinning due to its incompressible nature, results in chamber dilatation. 21, 22 Velocity-based assessment of early relaxation using e ′ obtained in the basal medial and lateral annulus may not accurately reflect regional disturbances in relaxation. Early diastolic SR is impaired in at-risk segments despite near normal systolic deformation and can differentiate between remote uninjured segments and at-risk segments in animal models of acute MI. 23 Thus, our findings can be interpreted in the context that deformation-based diastolic evaluation apart from better reflecting all myocardial regions compared with annular velocity-based assessment, potentially also confer better discriminative information on the extent of myocardial ischaemic injury. Accordingly, indexing MV inflow velocity to the e ′ sr should yield more information on global myocardial relaxation properties than annular velocity-based measures and suggest that E/e ′ sr may represent a sensitive and more physiological approach of integrating haemodynamics and myocardial relaxation properties in patients with acute MI. Furthermore, the novel finding in this study of independence of and indeed stronger prognostic value of E/e ′ sr compared with GLS and SRs, which have previously been identified as significant prognostic markers in acute MI 24, 25 and closely related with the infarct size, 26 highlights the importance of LV diastolic impairment in acute MI. We found a lower proportion of patients with E/e .15 (13.6 vs. 29.2%) compared with the study by Hillis et al. 2 However, substantial advances in Dokainish et al. 6 found similar correlation between LV filling pressure and E/e ′ sr as well as E/(Global diastolic strain) (E/Ds), whereas the relationship with conventional E/e ′ was weaker. A study by Wang et al.
using both animal experiments and patient studies found that E/e ′ sr during the isovolumic relaxation period (E/e ′ sr-ivr) was a better measure of LV end-diastolic pressure 8 than E/e ′ sr. In contrast a study enrolling patients with HF and preserved LVEF and controls found no incremental benefit with E/e ′ sr or E/e ′ sr-ivr for the prediction of LV filling pressure. 29 The results of these studies underscore that no single echocardiographic measure may be appropriate in all the patients for predicting LV filling pressure and rather an integrative approach of several measures should be pursued. 30 A recent study in 288 patients with acute MI found that E/e ′ sr-ivr contained prognostic value above E/e ′ , while E/e ′ sr was not prognostic which is in contrast to our findings. 31 The study was smaller than ours; the outcome differed in respect to composition and neither LA max, MV DT nor systolic deformation measures were reported. Interestingly, the limited correlation found between E/e ′ sr and filling pressure in these studies suggests that the prognostic value of E/e ′ sr may not be entirely driven by a strong relationship with LV filling pressure at rest. However, a recent study found that patients with MI and diastolic dysfunction, while having normal LV filling pressure at rest, exhibited markedly elevated LV filling pressure during exercise compared with controls. 32 We found that in the large group of patients with E/e ′ in the indeterminate range of 8-15 addition of E/ e ′ sr .1.25 led to the identification of a smaller subset with the Early diastolic strain rate in relation to systolic and diastolic function worse outcome. These findings suggest that deformation-based measures of global relaxation may be of particular importance in this group of patients. Whether E/e ′ sr, as a more precise measure of global myocardial relaxation is related to exercise-induced elevations in LV filling pressure remains to be demonstrated.
Limitations
While the present study to the best of our knowledge is the largest ever in acute MI to assess both comprehensive conventional and deformation-based systolic and diastolic function, we only assessed deformation in the longitudinal direction. Circumferential deformation and analyses of torsion and untwist have been linked to poor diastolic function and it is possible that these measures could more accurately reflect global myocardial relaxation properties. We did not measure other previously reported diastolic deformation indices such as E/Ds, E/e ′ sr-ivr and cannot assess their relative importance in comparison with E/e ′ sr. We excluded patients with AF, paced rhythm, severe AS, and severe MR and the present results are therefore not necessarily applicable to these important subgroups. The analyses done in this study were performed using a proprietary system (EchoPac, GE) and it is possible that using different software could have resulted in different conclusions. Image quality is a significant obstacle in deformation analysis and it is possible that our feasibility and reproducibility would differ from other centres. We included both STEMI and NSTEMI and although we found no difference in the prognostic value of E/e ′ sr between these two groups, this could be due to the low-sample size. We cannot address the potential impact of post-MI medication on changes in E/e ′ sr or any possible interactions between these in relation to the outcome. New onset AF may be significantly underestimated in this study due to clinically silent episodes of AF which cannot be quantified due to the lack of 24 h monitoring; 33 however, the prognostic value of E/e ′ sr was mainly driven by mortality and HF admission.
Cut-off values reported in our study are data-driven and need to be independently validated in new studies.
Conclusion
Deformation-based analysis of global myocardial relaxation properties using E/e ′ sr confers important prognostic information independently of conventional diastolic function indices and systolic deformation and is superior to the velocity-based E/e ′ ratio in patients with acute MI.
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